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Abstract 
Raman spectroscopy can probe the structure and conformations of specific chemical 
groups within proteins and may thus be used as a technique complementary to X-ray 
crystallography. This combined approach can be decisive in resolving ambiguities in 
the interpretation of enzymatic or X-ray induced processes. Here, we present an 
online Raman setup developed at the European Synchrotron that allows for 
interleaved Raman spectra acquisition and X-ray diffraction measurements with fast 
probe exchange and simple alignment while maintaining a high sensitivity over the 
entire spectral range. This device has been recently employed in the study of a 
covalent intermediate in the O2-dependent breakdown of uric acid by the cofactor-free 
enzyme urate oxidase and to monitor its decay induced by X-ray exposure. 
 
Keywords: Raman spectroscopy, macromolecular crystallography, diffraction-
complementary technique, kinetic crystallography, radiation damage. 
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1. Introduction 
The use of non-resonant Raman spectroscopy on protein crystals has been 
pioneered by the group of Paul Carey using Raman microscopes on enzyme crystals 
in their mother liquor at room temperature (Carey and Dong, 2004). While Raman 
spectra of proteins are complex, the calculation of time-dependent difference spectra 
removes the vast majority of protein vibrational modes and unmasks a few protein- 
and ligand-specific modes associated with the enzymatic reaction, providing insights 
on their mechanism. The method has been coined ‘Raman crystallography’ (Carey et 
al., 2011), and could help identify the formation of a trans-enamine species in the 
inhibition mechanism of a β -lactamase by various clinical inhibitors (Helfand et al., 
2003) or follow chain extension by a DNA polymerase (Espinosa-Herrera et al., 
2013). Besides proteins, other complex biomolecules such as nucleic acids can also be 
studied by Raman crystallography, for instance to provide the pKa of the catalytic 
base from a ribozyme (Gong et al., 2007). 
Following up on these developments, the group of Dominique Bourgeois 
postulated that Raman spectroscopy could be used for kinetic crystallography 
purposes as a monitor of the progress of a reaction occurring in crystallo (Bourgeois 
& Royant, 2005) via the changes in specific modes so that various intermediates could 
be trapped by timely flash-cooling in liquid nitrogen. With this idea in mind, they 
managed to prove that the key intermediate in the reaction mechanism of superoxide 
oxidase was an end-on peroxide species (Katona et al., 2007). This use of Raman 
spectroscopy as a preparative way for diffraction experiments was then coined 
‘Raman-assisted crystallography’ (RaX). It was soon realized that RaX, if directly 
used on a X-ray beamline diffractometer (in the so-called ‘online’ mode (Carpentier et 
al., 2007), could be used as a metric of specific radiation damage to certain covalent 
bonds within biomolecules, namely their breakage (Burmeister, 2000; Ravelli and 
McSweeney, 2000; Weik et al., 2000). The first online setup was installed on the 
ESRF Structural Biology beamline ID14-2 (Wakatsuki et al., 1998), then on beamline 
ID23-1 (Nurizzo et al., 2006). It was used to visualize the X-ray induced breakage of 
C-Br bonds in brominated DNA (McGeehan et al., 2007), disulphide bonds in 
lysozyme and insulin (Carpentier et al., 2010; McGeehan et al., 2011), and the loss of 
conjugation in a fluorescent chromophore (Adam et al., 2009). Similar setups were 
developed at the Swiss-Norwegian Beamline (SNBL) beamline BM01 at the ESRF 
(van Beek et al., 2011), which allowed for the visualization of the one-electron-
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induced loss of planarity of a flavin cofactor (Røhr et al., 2010), and at the Swiss 
Light Source (Pompidor et al., 2013), that led to the elucidation of how NO molecules 
are selectively photodissociated from haems by X-rays in haemoglobin crystals 
(Merlino et al., 2013). Another setup used to be available at the National Synchrotron 
Light Source (NSLS) facility at Brookhaven National Laboratory (Stoner-Ma et al., 
2011) until its closure in 2014. 
An important issue when performing on-line spectroscopy measurements is to 
make sure that the laser probes a volume contained within the one that was irradiated 
by X-rays, particularly when investigating the effects of radiation damage. For this 
reason, we have designed a new Raman probe support in on-axis geometry (i.e., with 
the Raman laser coaxial to the X-ray beam) on beamline ID29 (de Sanctis et al., 
2012), which uses, via optical fibres, the Raman spectrometer on ID29S (von Stetten 
et al., 2015). The on-axis geometry greatly facilitates the alignment of the laser probe 
onto the X-ray beam location and ensures that X-ray diffraction data and Raman 
spectra are recorded from the same sample volume. 
 
2. Instrument description 
A motorized head support fitting an InVia Raman probe (Renishaw, Wotton-under-
Edge, United Kingdom) was designed and built. Three different InVia probes are 
available, corresponding to the three excitation lasers: 532 nm (green), 633 nm (red) 
and 785 nm (near-infrared). The support consists of a two-translation stage to which a 
third linear vertical stage is orthogonally attached (Fig. 1), allowing translation along 
three directions: one that is parallel to the X-ray beam (X, pointing from the X-ray 
source to the sample), a second one horizontal (Y, pointing outboard), and one vertical 
(Z, pointing upward). The probe is attached to the vertical stage and is coupled via a 
45° mirror to a 50x objective (Leica, N Plan class, L 50x/0.50) that focuses the laser 
beam along the X-ray beam direction on a focal volume of 20 x 20 x 40 µm3 at a 
working distance of 8.3 mm (Carpentier et al., 2007). Translations along Y and Z are 
used to align the laser on the sample and adjustment along X allows for focusing the 
laser focal spot on the crystal surface. Movements in the three directions are 
performed via endless screws coupled to stepper motors. The translation ranges are 15 
mm along X, 10 mm along Y, and 7 mm along Z with a motor precision lower than 1 
µm. All motors are driven by IcePAP controllers and can be moved either directly via 
the IcePAP interface or the beamline BLISS control software 
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(http://gitlab.esrf.fr/bliss/bliss). The focal spot of the laser can be aligned to the X-ray 
beam position by moving these motors while monitoring the laser position in the 
MxCuBE GUI (Gabadinho et al., 2010) through the On Axis Viewer (OAV) 
microscope, after shifting the crystal sideways out of the beam path. Alternatively the 
fluorescence screen of the MD2 diffractometer (Arinax, Voreppe, France) can be used 
to visualize and optimize the focus of the laser at the sample position. 
The Raman head is secured in two stable positions, 'in' and 'out', with a hinge 
locking mechanism aligned parallel to the Y axis. Exchange between the two 
configurations is performed manually within a few minutes. In the 'out' position (Fig. 
1D), the device does not obstruct the X-ray beam, even at high diffraction angle, 
while the 'in' position is used for Raman measurements (Fig. 1E). Small position 
corrections (~10 µm) are required after switching to the 'in' mode. The support is 
secured on the diffractometer frame at two places: on the back frame, close to the 
pivoting hinge and on the inboard frame, on the female thread designed for the lifting 
hook. 
Operation of the Raman on line experiments is protected by the Personal Safety 
System (PSS). The ESRF X-ray Personal Safety System ensures that no user is 
present inside the experimental hutch when the hutch door is interlocked, and thus 
authorises the opening of the X-ray shutters. An additional laser PSS permits to safely 
operate lasers inside the experimental hutch. This might be either a locally installed 
laser or, in the case of ID29, one of the three Raman lasers that is connected via a 50 
m-long optical fibre from the adjacent hutch of ID29S (also known as 'Cryobench' 
(von Stetten et al., 2015)), where the Raman spectrometer is located. Therefore, the 
ID29 and ID29S PSS are linked to allow the simultaneous operation of the Raman 
spectrophotometer (inside the ID29S laboratory) and of the fibre-connected Raman 
probe (inside the ID29 Experimental Hutch). The PSSs of the two experimental 
hutches have been made interdependent such that breaking the interlock of any of the 
two experimental hutches closes the safety shutter of the Raman laser. However, 
unlike the ESRF X-ray PSS, the laser PSS can be overridden and allows for the 
presence of expert users, wearing protective equipment such as laser goggles, in the 
experimental hutch. This mode can be used to manually intervene in the experimental 
hutch while the laser is on. 
Remarkably, the insertion of a 50-m long fibre in-between the Raman spectrometer 
located in ID29S and the probe present in ID29 only results in a ~50% loss of the 
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excitation light power at the sample position when compared to the situation when the 
probe is used in ID29S (25 mW vs. 50 mW), and the same on the way back, which 
means that the intensities of spectra recorded with the online setup are decreased 
fourfold compared to offline ones. An interpretable Raman spectrum is typically 
recorded in a few minutes, while spectra with longer accumulation time (typically 30 
min) may be necessary to reveal fine details of the Raman peaks. 
 
3. Example of biological application 
In order to demonstrate the sensitivity of our setup, we have used it on a 
challenging project aimed at monitoring the X-ray induced breakage of a bond with a 
weak Raman signature. Urate oxidase (UOX) is a cofactor-independent oxidase 
(Fetzner and Steiner, 2010) that catalyses the O2-dependent breakdown of uric acid to 
5-hydroxyisourate following a mechanism that has been proposed to involve a 
peroxide adduct (Kahn and Tipton, 1998). Peroxide intermediates are formed in many 
biological reactions involving molecular oxygen. However, their structural 
determination is difficult as these compounds are often not very stable. We have 
combined high-resolution crystallography and Raman spectroscopy to unambiguously 
demonstrate the presence of such a peroxide intermediate, and the structure thereof, in 
the reaction mechanism of urate oxidase. While the mechanistic implications of this 
structure have already been published (Bui et al., 2014), we focus here on the 
experimental details. The crystallisation in presence of 9-methyl uric acid as substrate 
analogue allowed the identification of a low-intensity peroxide-specific Raman band 
at 605 cm-1, which was further confirmed by 18O isotope labelling and QM/MM 
calculations (Bui et al., 2014). A crystal of urate oxidase prepared in conditions 
leading to the formation of the peroxide intermediate was chosen to be of maximal 
size (450 x 450 x 450 µm3, significantly larger than the X-ray beam of 50 x 30 µm2 
Gaussian shape) to maximize diffraction (up to 1.3 Å) while being able to deposit X-
ray doses as low as 2.5 kGy (Zeldin et al., 2013) during 7 successive data collections 
performed at 100 K, while 5 data collections of increased doses (12.5 to 184 kGy) 
were inserted as 'burn' data collections to probe the logarithmic behaviour of the 
damage mechanism. All X-ray data sets were collected from the same 180° wedge. 
Raman spectra (2000 s acquisition time, 200 cm-1 – 1800 cm-1 spectral range) were 
recorded using the 785 nm laser probe in-between each sequence of structural and 
burn data collections.  
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Because the crystal was larger than the beam, the on-axis geometry was crucial to 
ensure that only an X-ray irradiated volume of the crystal was probed by the Raman 
laser. However, X-ray crystallography and Raman spectroscopy differentially probe 
the kinetics of X-ray damage because the X-ray data is averaged over a slice through 
the large crystal, while the Raman spectra originate from a shallow area on the surface 
of the crystal (20x20 µm², with about 40 µm penetration depth) that was only 
transiently irradiated during the X-ray data collection. Thanks to the on-axis 
geometry, this Raman-probed part is within the X-ray irradiated slice, but X-ray 
crystallography and Raman spectroscopy probe radiation damage to urate oxidase on 
different dose scales (up to ~700 kGy vs. ~200 kGy). Yet, the overlap of dose points 
observed by each technique allows for the comparison of both types of experimental 
data. We were thus able to monitor the structural and kinetic details the progressive 
disappearance of the peroxide intermediate on a fast dose scale (half-dose of 88 kGy-1) 
by the rupture of the C5-Op1 bond (Fig. 2A) that is correlated to the decay of the weak 
605 cm-1 Raman band (Fig. 2B and C). Thanks to the quality of both the structural and 
Raman data, the observed decays could be best modelled by a biexponential curve and 
rationalized assuming a pathway of X-ray induced peroxide regeneration acting 
alongside its decomposition, which provided important information on the enzymatic 
mechanism of urate oxidase (Bui et al., 2014; Bui and Steiner, 2016). 
 
4. Conclusion 
The analysis of Raman spectra of protein crystals helps with the interpretation of 
X-ray data and can elucidate structural details that cannot be deduced from X-ray 
diffraction measurements alone. With the new Raman support presented here, 
recording Raman spectra on ID29 is readily available and can be done while the 
sample is mounted on the diffractometer, therefore allowing to optimally correlate X-
ray and Raman data without the need to transfer the sample. More recently, the same 
setup has also been used to visualize how the chromophore of the fluorescent protein 
mNeonGreen is protonated and loses conjugation upon X-ray irradiation (Clavel et 
al., 2016). Finally, the motorised support could be used to accommodate other probes 
used in the back-scattering geometry, for instance to record emission fluorescence 
spectra or to deliver actinic light onto the sample. When feasible, we advocate that in 
crystallo spectroscopic techniques should always be used in conjunction with 
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crystallographic studies as they often provide orthogonal information that can enhance 
the mechanistic understanding of the process under investigation. Our urate oxidase 
results show how the structure elucidation of a key covalent intermediate could have 
been missed by recording diffraction data collections depositing on the crystal the 
routine dose of 100 kGy. Similarly, in crystallo Raman spectroscopy was instrumental 
in proving the presence of a peroxo intermediate in the reaction of superoxide 
reductase, in the end-on conformation, whose covalent bond could have been missed 
in the 1.95 Å resolution electron density (Katona et al., 2007). 
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Fig. 1. Online Raman setup on beamline ID29. (A) Renishaw InVia Raman head with 
an added 45° mirror (B, C) Motorized Raman head support from two different 
orientations (D) ‘Out’ position, allowing for X-ray data collection. (E) ‘In’ position, 
allowing for Raman data collection. The (X, Y, Z) referential for the lower panels 
correspond to the X-ray path (X), the diffractometer rotation axis (Y) and the vertical 
line (Z). Red arrows point at the sample position. The green arrow indicates the X-ray 
path after the On-Axis Viewer. 
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Fig. 2. Correlated structural and Raman analysis of radiation damage to a peroxide 
intermediate of urate oxidase (Bui et al., 2014). (A) X-ray structures at increasing 
doses showing the progressive rupture of the C5-Op1 bond, which is accompanied by 
the loss of pyramidalization at C5, leading to a planar structure and the release of 
dioxygen. (B) Raman spectra of UOX crystal after increasing X-ray exposure. (C) 
Close-up on the spectral region around the X-ray sensitive 605 cm-1 Raman band. 
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